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ABSTRACT 


A morphofunctional approach to carabid larvae has been attempted, to obtain a better under- 
standing of adaptation patterns of this coleopteran group and to facilitate the reconstruction of evo- 
lutionary pathways. 

Inner head sclerotized structures and mandibular muscles are described for 12 genera more зре- 
cialized in prey choice, and the functional biometry of mandibles is analysed for 42 taxa. Biotic fac- 
tors seem to be most important in evolution of the mandibles: for carnivorous larvae, form seems to 
be correlated with the ability of prey to escape; for phytophagous (spermophagous) larvae, form and 
function are correlated with form and hardness of the food, being reflected in slower adduction and 
increased power. 

The remaining external body features are prevailingly influenced by abiotic factors, especially 
soil type and sun radiation at the soil surface, but significant exceptions are found to this rule in the 
parasitoid and symphilous morpho-ecological types, where the entire body shape is still determined 
by biotic selection pressures. 

To give a unitary picture of convergent adaptation patterns in carabid larvae, the morpho-eco- 
logical types of Sharova (1960) are reexamined and redefined, The following new morphoecological 

pes have been recognized (all tribes known at the larval stage, fungus-eating forms excepted); Soll- 
PORE EXPLORERS (upland soils); SURFACE RUNNERS (waterside habitats); SURFACE WALKERS (humus rich 
soils, larger prey); SAND DIGGERS (sandy soils); sPERMOPHAGOUS (steppes, arid soils); C-SHAPED har- 
palines (extreme open-land hard-soil diggers); PARASITOID AND PREDATORY SYMBIONTS (high density 
prey or (eu)social insects; hypermetamorphic); BURROW TRAPPERS (bare soils with high prey density); 
TRICHOME DISK SYMPHILES (eusocial insect nests; the group is monophyletic: Paussinae s. l). 

The urogomphi of carabid larvae belong to six fundamental types: pusher; runner; walker; sand 
digger; tricome “anal plate"; and rudimentary. The distribution of these types in the adephagan phy- 
letic tree suggests that primitive carabids were surface runners and not pore explorers. with pusher- 
type urogomphi, and that the pusher urogomphi have been acquired later, their presence in larvae 
coinciding more or less with the “Limbata” of Jeannel. 

Finally, a first attempt is made to order information about prey choice on a carabid cladogram. 
The prey-specialization pattern postulated seems to be correlated with the supposed relative age of 
the taxon: first Collembola; later, snails and earthworms; and finally, seed eaters. The lack of beha- 
vioural studies, urgently needed to corroborate functional morphology in carabids, is emphasized. 
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INTRODUCTION 


Carabid larvae are generally described for identification purposes and 
the character definitions are based on a general scheme of concepts and 
scientific terms. Very few papers deal with the functional morphology of 
these pre-imaginal stages and this is mostly due to the lack of information 
about biotic and abiotic factors and their selection pressures on the struct- 
ural complexes examined. This work provides a review of morphofunctional 
aspects of the head, and of the body, of carabid larvae. A better knowledge 
of the morphofunctional significance of the examined characters helps us 
also in reconstructing phylogeny and this from at least three points of view: 

i) morphofunctional analysis leads to a more careful definition of the 
character states in helping to establish homology; 

ii) it allows postulation of polarities of morphoclines in instances of 
“continuous” variation inside a group of related taxa; 

iii) a better distinction between affinity and convergence is possible 
when evolutionary histories or pathways of taxa can be postulated in terms 
of functional morphology and selection pressure, verifying the internal co- 
herence of the pattern found (character states versus factors). 

Carabid larvae exhibit a relatively high degree of morphological diver- 
sity, that is probably wider than that presented by any other coleopteran 
family, since carabid larvae may be: oligopod campodeiform, or cyrtosoma- 
tic (C-shaped); with or without stemmata; free living or not; hypermeta- 
morphic; *cicindeloid"; and so on, with the exclusion only of the apode 
form. The range of the intra-family variation is certainly wider than that 
found in the adults, for which a most important discriminant role in the sense 
of evolution is played by physiological aspects rather than by the morpho- 
logical ones. Thiele (1977) reviewed the notable differences in habitat choice, 
behaviour, reproduction, feeding, and biorhythms thoroughly studied by 
several important authors, and regarded them as outstanding in comparison 
with the external morphology, which shows relatively uniform features. 

Few authors have sought correlations between morphological characters 
and their corresponding functions, through behavioural observations. The 
most striking papers on this topic are about Notiophilus biguttatus F. (Bauer, 
1979, 1982), Loricera pilicornis F. (Bauer and Kredler, 1988), Nebria (several 
species - Spence and Sutcliffe, 1982; Gautier, 1967). Of great importance to 
elucidate morphofunctional relations can be also the internal features that are 
described and phylogenetically interpreted in addition to the external ones for 
some genera such as Metrius (Beutel, 1992), Omophron (Beutel, 1991) and 
Paussus (Arndt and Beutel, 1994). Information about larval functional 
morphology and behaviour is provided also for Graphipterus serrator 
(Forskàl) (Zetto Brandmayr et al, 1993, 1994); Pseudomorphini (Moore, 
1974; Erwin, 1981); Brachinus pallidus (Erwin, 1967); Eurycoleus macularius 
(Erwin and Erwin, 1976); and Eripus oaxacanus (Liebherr and Ball, 1990). 
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For carabid larvae living in the temperate zones of Europe, an exhaust- 
ive description of structures (morphoecological types), habitats and feeding 
behaviour was published by Sharova (1960, 1981), which probably represents 
the most complete synthesis of the relations between structure and function, 
even if some steps of the construction were not convincingly hypothesized, 
to demonstrate the true importance of point ii (see above). 

In our opinion, inside the larval Carabidae phylogenetic characters are 
easy to distinguish from “adaptive” ones. From a more deeply investigated 
morphofunctional interpretation of these characters, more reliable answers to 
the problem “affinity or convergence” could probably be found, especially if 
data on bionomy are compared with actual knowledge about the history of 
life on the Earth. We should, in fact, remember that the knowledge of the 
function of a character state warrants against being fooled by convergence. 
Now no biologist indicates as remarkable that eyes of Homo sapiens are 
capable of polychromatic vision despite his non-arboreal life. In the same 
way, we should not wonder that Carabus larvae, although living in dark and 
shady forests, exhibit sclerotized integuments, solar radiation-proof, becau- 
se the Calosomini ancestral lineage changed their style of life from the 
ground to arboreal habitats, exposed to larger amount of solar radiation (see 
also “Concluding statement”). 

To this aim, our investigations about carabid larvae covered the fol- 
lowing aspects: 

- external features considered as form and function of mouth parts, head 
and body; 

- internal features, most of all the musculature of the mandible in com- 
parison to the shape of cephalic walls; 

- behaviour, especially predation ethograms as a link between form and 
function; 

- the food-choice, that, for carabid larvae, extends from general predator 
to strictly specialized, including taxa with phytophagous diet; and 

- environment, understood as soil and above-soil habitat. 


MATERIAL AND METHODS 


All the studied specimens belong to the Zetto-Brandmayr larval collec- 
tion, preserved in 70% ethanol at the Dipartimento di Ecologia of the 
Universita della Calabria. 

1) Morphological investigation. 

The methods were: 

- detailed description of the sclerotized structures of the head which 
provide insertion for the muscles after boiling of the head in KOH (15% 
solution); and 

- dissection of the head to determine extent and development of the 
abductor and the adductor mandibularis muscle. 
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These techniques were used for 12 genera of various carabid tribes, illu- 
strating a broad range of food-specializations: Carabus, Cychrus, Leistus, 
Nebria, Notiophilus, Poecilus, Abax, Amara, Ophonus, Pseudoophonus, 
Licinus, and Cymindis. 

2) Morphology and functional biometry of the mandibles. 

Description of the form of the mandible observed in non-permanent 
preparations using a stereomicroscope with drawing apparatus. This pro- 
cedure was accomplished for 42 genera, reported in table 1. 

3) Behaviour and habitat observations. 

Some data used in this paper result from personal observations of the 
third author and, when not otherwise referred, remain unpublished. 

For some genera, represented by few specimens in our collection but 
remarkable owing to their food- or body specialization, such as Cicindela 
(Thompson, 1979; Breyer, 1989; Sharova, 1981; Putchov, 1991; Putchov and 
Cassola, 1991; Faasch, 1968), Omophron (Landry and Bousquet, 1984; Luff, 
1978; Silvey, 1936 and Beutel, 1991), and Loricera, (Luff, 1978; Bauer and 
Kredler, 1988) published data were used. 


HEAD STRUCTURE 


Exhaustive descriptions of the external and internal head features of 
coleopteran and carabid larvae were supplied by Bitsch (1966), Snodgrass 
(1928) and Jeannel, (1941). Here we consider only some of the head struc- 
tures and their variability in the different genera. 


Tentorium 


The tentorium (Fig. 1, T) is an X-shaped system of apodemes which 
offers insertion for some muscles of the mouthparts; its form varies signifi- 
cantly in carabid larvae. Spence and Sutcliffe (1982), recognize in it several 
apodemes: two anterior arms (a. a.), two posterior arms (p. a.), two dorsal 
arms (d. r.) and two postero-medial processes (Fig. 1). Its general structure 
is conserved in all the studied genera, but each varies in size and in sclerifi- 
cation. In particular, the postero-medial processes are shortened and disjunct 
in Nebria andalusiaca, Leistus rufomarginatus, Notiophilus rufipes, and 
Licinus cassideus (Figs. 2-5) but in most genera are joined to form a semi- 
circular bridge (t. b.), as Poecilus lepidus, Abax ater, Carabus catenulatus, 
Amara alpestris, Ophonus rotundicollis, Harpalus (Pseudoophonus) griseus 
(Figs. 6-11). In Cymindis variolosa and in Cychrus attenuatus the tentorial 
bridge is very stout, U-shaped and extended to the occipital foramen (Figs. 
12-13). ‘ 

The tentorial bridge is absent from the larvae of Omophron variegatum 
and limbatum and from Licinus silphoides (Beutel, 1991). 
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Fig. 1 - Head of Poecilus lepidus (Leske), dorsal aspect, showing tentorium (T), cibarial sclerite 
(C.S.) and mandibular apodemes (M.A.). a.a.: anterior arms; d.a.: dorsal arms; p.a.: posterior arms; 
t.b.: tentorial bridge. 
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Cibarial sclerite 


(Fig. 1, CS). The larval prepharynx is formed by the closing of the ciba- 
rial cavity by the approach and fusion of the lateral walls of the epipharynx 
and the hypopharynx (Bitsch, 1966). This transformation generally produces 
a displacement posteriorly of the mouth opening, accompanied by different 
modifications of the sclerotized pieces of the cibarium and of its posterior 
muscles. The result is the formation of a more or less specialized system 
highly correlated to the larval diet. In the coleopteran larvae are more steps 
toward this specialization; in most carabid larvae a preoral cavity and a ciba- 
rial cavity precede the pharynx to the level of the tentorium (Tróster, 1987; 
Beutel, 1991; Spence and Sutcliffe, 1982). 

A medium size cibarial sclerite is present in zoophagous, unspecialized 
larvae, such as Poecilus, and Carabus catenulatus (Figs. 6,8). In phytopha- 
gous larvae, such as Ophonus (Fig. 10), or specialized zoophagous larvae 
such as Abax and Notiophilus (Figs. 4,7), even if it appears of “normal” size, 
the cibarial sclerite is of minor functional significance, because the mandi- 
bular power has the most important role for seed manipulation or during pre- 
dation. In snail-feeding genera such as Cychrus and Licinus (Figs.13,5), 
where the need for a suction pump is increased, the cibarial sclerite is dis- 
tinctly larger. 


Adductor muscle 


The adductor mandibularis is of normal size both in unspecialized pre- 
dators (Poecilus, Nebria, Figs.14,15), and in those specialized predators with 
constricted necks that are associated with more rapid head movements 
(Notiophilus, Fig.16). The relative volume and number of bundles of the 
adductor muscle increases considerably in specialized predators that require 
a more powerful capability of adduction. A larger surface for insertion is 
offered also by the occipital apodematic pad, enlarged by an additional lobe 
(Abax, Carabus, Figs. 17,18). 

Surprisingly, in phytophagous carabid larvae, such as Ophonus (Fig. 19), 
the mandibular muscles are of moderate size, despite the notable frontal 
enlargement of the head capsule. Evidently, the increased width of the head 
anteriorly provides a more extensive lodging for the large mandibular bases. 


MANDIBLES 


Morphology 


The mandibles of insects represent the basal segment of the coxopodite 
of a typical arthropod limb (Crampton, 1921). According to the nature of the 
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Figs. 2-7 - Head, dorsal aspect, showing structure of tentorium, cibarial sclerite and mandibular apode- 
mes, 2: Nebria andalusiaca Rambur; 3: Leistus rufomarginatus (Duftschmid); 4: Notiophilus rufipes 
Curtis; 5: Licinus cassideus (Fabricius); 6: Poecilus lepidus (Leske); 7: Abax ater (Villers). Scale | mm. 
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Figs. 8-13 - Head, dorsal aspect, showing structure of tentorium, cibarial sclerite and mandibular 
apodemes. 8: Carabus catenulatus Scopoli; 9: Amara alpestris Villa & Villa; 10: Ophonus rotundi- 
collis Fair. et Lab.; 11: Harpalus (Pseudoophonus) griseus (Panzer); 12: Cymindis variolosa 
(Fabricius); 13: Cychrus attenuatus (Fabricius). Scale 1 mm. 
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Figs. 14-19 - Head, dorsal aspect, showing mandibles and their muscles: abductor (black) and adduc- 
tor (white) mandibularis muscle. 14: Poecilus lepidus; 15: Nebria andalusiaca; 16: Notiophilus rufi- 
pes; 17: Abax ater; 18: Carabus catenulatus; 19: Ophonus rotundicollis. Scale 1 mm. 
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it. 


ab.m. 


Fig. 20 - Right mandible, dorsal aspect, with muscles, of Nofiophilus; i.t. = incisor tooth, t. = tere- 
bra, r. = retinaculum, m.a.= molar area, ab.m. = abductor mandibularis muscle, ad.m. = adductor 
mandibularis muscle 

Fig, 21 - Simplified rotational system of forces in a larval mandible; F = fulerum (articulation), A = 
apex of the mandible, B = internal basal angle (insertion of the adductor mandibularis); for the other 
symbols see text. 
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Plate 1 - The principal mandibular forms of carabid larvae, dorsal aspect. 1, Cicindela; 2, Carabus; 
3, Cychrus; 4, Nebria; 5, Leistus; 6, Notiophilus; 7, Broscus; 8, Scarites; 9, Bembidion; 10, Pogonus; 
11, Tephlotrechus; 12, Patrobus; 13, Myas; 14, Abacetus; 15, Stomis; 16, Orthomus; 17, Poecilus; 18, 
Metapedius; 19, Pterostichus; 20, Molops; 21, Percus; 22, Abax, 23, Thyphlochoromus; 24, Calathus; 
25, Sphodropsis: 26, Agonum; 27, Platynus; 28. Amara; 29, Scybalicus; 30, Anisodactylus; 31, 
Trichotichnus, 32, Parophonus; 33, Ophonus; 34, Cryptophonus; 35, Carterus; 36, Harpalus; 37, 
Harpalophonus; 38, Pseudoophonus; 39, Licinus; 40, Chlaenius; 41, Graphipterus; 42, Cymindis. 
The species represented are the same as those listed in table 1. Bar (2,7,8): | mm; other bars : 0.5 mm. 
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food and the mode of feeding, they are modified into chewing, biting, 
sucking and piercing organs. They may be functionless or reduced (Das, 
1937). In carabid larvae the generalized biting and chewing type of struct- 
ure is usually preserved, but some modifications in form and size occur in 
relation to particular prey or food. Each mandible has a more or less broad 
triangular base, an incisor area, that ends in an apical incisor tooth, bifid 
(Ophonus, Brandmayr and Zetto Brandmayr, 1982) or not, and that is 
smooth, crenulate or garnished by a comb of thin teeth. The molar area near 
the base is markedly reduced and not functional, while the internal edge of 
the terebra is produced into one large tooth, the retinaculum. Form and size 
of the retinaculum are related to prey type and feeding behaviour. Additional, 
smaller teeth are present on the terebral internal surface of some taxa 
(Harpalus, Pseudoophonus), or on the molar area (И Omophron: Sharova, 
1981; Landry and Bousquet, 1984; Gardner, 1938). One example of fang- 
like mandibles traversed by a suctorial channel was described for 
Graphipterus (Zetto Brandmayr et al., 1993, 1994). 

Each mandible is moved by an adductor and an abductor muscle (see 
above), respectively inserted on a large apodeme at the inner angle, and ona 
smaller one, attached to the outer margin of the mandibular base (Fig. 20). 


Biometry 


The mandibles in general comprise a rotational system of two opposite 
torques with a fulcrum on the mandibular articulation (Brandmayr and Zetto 
Brandmayr, 1986). The system of rotatory forces is at equilibrium if 

pcosa-b=r-a 

where 'r' is the “weight” or resistance at the tip of the mandible, 'p' the power 
at the insertion of the apodeme of the adductor, 'b' the basal width of the 
mandible, (i.e., the distance between the articulation and the apodeme), 'a' 
the maximal length of the mandible and o the angle that 'b' forms with the 
transverse plane, that is the angle between the direction of the adductor 
muscle traction and the sagittal plane. The equation shows that a more 
powerful adduction is reached either by lengthening 'b', or by shortening 'a', 
that is, it depends on the ratio b/a (Fig. 21). 

The functional biometry based on 'b' and 'a' measurements is recorded 
for 42 genera in table 1. The b/a ratio for carabid larvae shows considerable 
variation, from a minimum in Notiophilus (0.15) to a maximum in Carterus 
(0.57). The taxa exhibiting food specialization constitute an adaptive gra- 
dient in which the predators are ranked between 0.15 and 0.35 and the phy- 
tophages between 0.35 and 0.57. The lowest values are characteristic of those 
genera for which a high speed in prey capture is required (Notiophilus, 
Cicindela, Leistus), while the highest values characterize those taxa that are 
strictly spermophagous (Carterus, Ophonus) (Plate 1). 
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In a cartesian axis system with maximum mandible length (x) plotted 
against the b/a ratio (y), we see that: 

- the form of the mandible is independent from its size; 

- stout mandibles (with high b/a ratio) are particularly common in fully 
or partially spermophagous larvae (Fig. 22). 

To conclude our biometric considerations, we claim that b/a ratio prob- 
ably depends on a sort of “balanced selection” based on two opposite man- 
dibular functions during adduction: speed versus power. The balance of these 
two functions is related to the type of food item and varies with it. In this 
trend the mandibles of Cicindela, Notiophilus and Leistus feature extreme 
speed of movements, while Carterus, at the opposite end, realizes the maxi- 
mum of mandibular power. 


0,5 D predators 
0,45 2 a A spermophagous 


0,00 1,00 2,00 3,00 4,00 5,00 8,00 
mandible length 


Fig. 22 - Distribution of the b/a values plotted against the mandibular length. Triangles: genera num- 
bered from 30 to 44 in Table 1; all the phytophagous species are included in this group. Squares: 
genera from number | to 29 of Table 1; carnivorous forms. 


Evolutionary patterns 


As a further specialization to feeding behaviour, the insertion plane of 
the mandibular complex with respect to the head may be markedly modified, 
as in Abax ater (Molopina), in comparison to Poecilus lepidus (Pterostichi- 
na) (Fig. 23). This is explained by the food specialization of molopines (Fig. 
23 b), whose larvae are strictly earthworm hunters, which attack the lumbri- 
cids crawling on the leaf litter surface on their ventral side. The inclinate 
angle of the mandible's rotation plane enhances the success probability in 
grasping the prey, which is often ten times longer and 20-30 times heavier than 
the predator (Fig.24). Also for Cicindela, which shows an hyperprognathous 
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head (Breyer, 1989), a markedly inclined rotation plane is observed, correla- 
ted with the capture behaviour of Cicindela, that includes a sudden backward 
release of the head accompanied by a snap-clenching of the mandibles. 

Notable modifications of the mouthparts are found in Loricera pilicor- 
nis, a small prey capturer mostly eating Collembola, where the mandibles are 
not so prolonged as in Notiophilus or Leistus, because the structure chiefly 
involved in the predatory sequence is the distal part of the galea, which is 
covered by a sticky substance (Bauer and Kredler, 1988). Moreover, the tere- 
bra of Loricera bears a six-lobed membranous “tongue”, described by Luff 
(1978), situated in the neighbourhood of a thin ventral denticulation, about 
the diameter of the outer lobe of the galea. Bauer and Kredler observed that 
this structure is used for the cleaning of the galea, where often small prey 
remains adhere. The saw-toothed inner side of retinaculum, quite different 
from the toothcomb inner edge of helicophagous larvae, ensures probably a 
better piercing of the prey. 

On the other hand in many primitive taxa the shape of the mandibles is 
very regular and unspecialized. In Trachypachus gibbsi LeConte 
(Lindroth,1960), the shape resembles that of a Bembidion, perhaps a little 
wider at the base, although with a ratio b/a rather high. Other basal stocks of 
Carabidae, like Paussinae (Paussini, Metriini) show more or less modified 
structure, in relation to a symphilic way of life. Other taxa,.such as 
Rhysodinae, show mandible reduction related to particular diets (myceto- 
phagy), but many of these structures are difficult to interpret because 
information about behaviour is lacking. In Cicindelinae, a taxon quite far 
from the normal “larval pattern”, the entire body structure reveals modifi- 
cations toward a life style of trap-waiting in burrows, but Cicindela respects the 
general rule pointed out in this work of mandibular narrowing for faster 
movements (see table 1). The head and mandible structure of Nebriini and 
Notiophilini reveal a clear affinity to one another, also because a similar 
shape of mandibles seems to be correlated to the occipital restriction and 
lateral bending of the head, whereas the complex morphofunctional adapt- 
ation of Loricera is at least partly a convergence, not only for the reduced 
importance of mandibles with respect to the secretory galea, but also becau- 
se the occipital restriction is mostly obtained at the expense of the interseg- 
mental membrane between head and thorax. The reduced importance of 
Loricera mandibles in the prey capture phase is proven by the very high b/a 
ratio: 0.33, (approximately measured on the drawing of Luff, 1978), there- 
fore the mandible of Loricera seems to be better adapted to seize the prey, 
than to fast rotation. 

The mandible of Omophron reveals its low affinity with other Carabidae, 
thanks to the supplementary tooth near the retinaculum, which renders the 
occlusal margin bifid. This mouth part is not so slender (b/a : 0.34, at the 
limit of the “zoophagous range”) and is probably helpful also for digging. No 
detail of the mandibles suggests affinity with Cicindela, an idea proposed by 
some authors, who emphasized especially the enlarged prothorax. 
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Tab, 1 - Distribution among carabid larvae of values for maximum length and basal width, man- 
dibles, and for the ratio basal width/maximum length. 


TRIBE GENUS / SPECIES a: MAX b: BASAL 
[7 [Notiophiini [Noviophilus — —|nfpes — | 130 | а 
[2 [Cicindetini Сеа [wisina | — 090 | 0.16 — | 
[3 [Nebrini [Zeiss rufomarginans | —095 јат 
[Posi васе  [vilfersiems | 036 | on — | 
Брат [Scores — ират | зо | io | 
[c|Lebimi [minds [vaporariorum | 050 | оо 
Бриони — Рао — — amos — | 1,00 | — 020 — | 
[a Poronin — ]Pagoms ја | — 090 | оо 
(је — Dphorecms ите — — | ое | o% — ] 
[io[Nebrini [Neria —— Jendatusiaza | 1,20 | 026 | 
[вета ја |p. [ o% | ог | 
[uPerosichim је [eps | 1,40] os ] 
[is|Sphodrini_—|Sphodropsis jghilemi | 1.40 | — 033 | 
(река [dba је | 200 | ow | 
[is|Chiseniini је |p. | 080 | o% | 
[ie[Prerosihini "Mops — — —owpemis | 12 | 030 | 
[manni [Payme Jassim — | 3120 | оо 
[w[Brosci [Brosas рой | — 190 | ow | 
[vw|Cyehrini [Ceiras апета — | 1,10 | oso | 
Do|Perosickim [Metapedius раш | 1.12 | оо 
Брена [Mas ја | 1.15 | от ] 
Брит Мет оф. — (| —15 | 03 | 
[2[Prerosichini | Thyphlochoromus 
el Топлота barbarus 
si Peres анана | 2,00 | 0.60 
e| — јето — metis | — 146 | ое | 
Em| — [soms — — fpumicams — | ге | ое | 
bs|Casbi  [Cerabis јо — | 2.80 | оо | 
[zo]Sphogrini је — — —Juscipes | ое | оз 
ја ја јаше Ги | оз 
[31[Grphipterini |Graphpiens је — — | o2 | o | 
Бајнарањ јава јет | — 096 | ом 
Број — — —romndicolis | 10 | os | 
| — Има |p. J 1.07] ге 
I рање ете — | 06 | от | 
e [Parophomus — [mendax 047 | ow | 
ЕЕ Harpalophoms —erempecams | — 146 | oso | 
[x| — — јаре — — ldmidiams — | — 144 | — 959 | 
[9| — — Џи — aevicolis | 0.68 | ом | 
ujz&bi [Amara јаре | 0.70 | 0.30 | 
[ar [Harpalini  [Pseudoopkoms griseus | — 127 | oss | 
Бр |Pseudodichirus јет | — 090 | — 046 | 
[| — бранот tenebrosus | 0.84 | оо | 
[sal (ил арата | 0.70 | ое | 
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The mandibles of Carabini (Carabus) are very broad at the base, espec- 
ially in the “brevimandibulares”, but the incisor tooth is long and slender, 
and this suggests a general adaptation to soft, large prey. The mandible form 
in Cychrini is very similar, suggesting affinity, but here a further specializ- 
ation is observed: the inner edge of the retinaculum bears comb-like spinules, 
nearby identical to those of licinine mandibles. This particular cutting edge 
probably is useful in ripping the bodies of snails, which are protected by 
abundant mucous secretions. 

In groups from Scaritini to Pogonini, Bembidiini and Patrobini, typical 
zoophagous, mandibles are unspecialized and with simple retinaculum. The 
mandibles are mostly slender with b/a value between 0.19 and 0.26 
(Broscus). These mouthparts are of little help in establishing affinities, but the 
prey choice is noticeably homogeneous, in the sense that no specialization is 


Fig. 23 - Larval head, lateral aspect, showing insertion plane of the mandibular complex. a, Abax 
ater; b, Poecilus lepidus. Scale: 0.5 mm. 
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found. In some Bembidion species the mandibles are crenulate and this cha- 
racter is found convergently in the following tribes: Platynini (Agonum); 
Harpalini (Dicheirotrichus); Chlaeniini; Oodini; Lebiini (Microlestes); and 
Odacanthini. < 

In “higher” carabid taxa, starting from Pterostichinae, b/a values around 
0.25- 0.30 are common, and in the genera around Abax, the Molopina, a der- 
ived morphofunctional feature seems to be shared: pronouncedly arcuate 
mandibles, markedly inclined and mostly with a long retinaculum, an evi- 
dence for an old, behaviourally consolidated prey choice: lumbricid annelids. 
Abax, Molops and Percus are the most important genera showing this adap- 
tation (Brandmayr and Zetto, 1994). Some related characters are found in the 
membranous area of antennal segment 1, which improves the ability to 
spread apart the antennae widely during the attack. The same morphological 
pattern is found, convergently, in some Pterostichina, such as Pterostichus 
(Steropus) melas, or Haptoderus brevis. 

Most pterostichine species, as well as the related Platynini and Spho- 
drini, show non-modified mandibles, but in the neighbouring taxa Zabrini 
and Harpalini, well known for their mixed diet (carnivorous and phytopha- 
gous, mostly spermophagous, or “mixophytophagous”, to use a term of 
Sharova, 1981) the b/a ratio increases above 0.35. The head is wide, and in 
more specialized, seed-eating forms, (Cryptophonus tenebrosus, Ditomina), 
the shortest mandibles occur, with values of 0.47 and more. Zabrini and 
Harpalini give another good example of morphofunctional adaptation in 
mandibles, well supported by observations on food choice and rearing (Zetto 
Brandmayr, 1990). To the present time, no other truly phytophagous taxa at 
tribe or genus level have been established by continuing and successful rear- 
ing in laboratory, despite the fact that a partly phytophagous diet has often 
been indicated for some pterostichines and sphodrines, but also for many 
other tribes (see Allen, 1979, and the quoted work of Zetto Brandmayr for 
more details). It is possible that the b/a ratio of mandibles provides a good 
quantitative indication of a seed-eating diet, and these findings confirm 
some ideas of Sharova (1981). 

In larval licinines we found the same comb pattern on the retinaculum 
seen in Cychrus, but continued on the terebra. Licinine adults are well known 
to be snail predators, but the adults show shortened mandibles for snail shell 
crushing, whereas their larval stages are forced to attack directly the soft 
gastropod bodies. It is highly probable that this mandibular feature, clearly 
convergent with snail eating cychrines, relates Licinini and Panageini by 
synapomorphy: many other characters in mouthparts and body support this 
hypothesis. The snail-feeding habits belong probably to the common ance- 
stry of the two tribes. 

Chlaeniini have “normal predatory” mandibles (b/a = 0.25), except that 
the retinaculum is curiously bent backward in some species; no explanation 
is available for this morphological detail. 
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Fig. 24 - Larva of Abax ovalis (Duftschmid) with its prey (Ocfolasium complanatum), captured with 
pit-fall traps in a beech forest in Slovenia mountains. Photo Brandmayr. 


In the taxa around Lebiini the mandibles are slender and typically 
“zoophagous”, with many taxa exibiting a very small retinaculum. The ecto- 
parasitoid way of life seems to not affect deeply mandibular function. 

In a careful attempt to reconstruct mandible relative sizes in the 
“Trachypachidae” genera Trachypachus and Systolosoma from the drawings 
of Lindroth (1960) and Arndt and Beutel (1995), we obtained b/a ratios 
between 0.34 and 0.32, very similar to that of Carabus coriaceus and 
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SPERMOPHAGY 
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Fig. 25 - Possible evolutionary pattern of the mandibles in carabid beetles. Examples of converg- 
ence (helicophagy) and divergence (spermophagy) are recognizable. 
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Fig. 26 - Terminal abdominal segment, dorsal aspect, illustrating forms of urogomphi in the tribe 
Carabini. a) Ceroglossus chilensis Eschscholtz (from Prüser and Arndt, 1995); b) Campalita made- 
rae (Fabricius); c) Carabus nemoralis Müller; d) Carabus olympiae Sella; e) Carabus cychroides 
Baudi; (from Casale, Sturani and Vigna Taglianti, 1982). 
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Calathus fuscipes (see table 1); that means the Trachypachidae, a possible 
Carabidae outgroup, show non specialized mandible shape. 

It is impossible for the authors to give a complete survey of the morpho- 
functional significance of mandibles in the family, because behavior of many 
taxa living in the tropics has not been investigated. Research effort is needed 
in this direction, on the track opened by Acorn and Ball (1991) for the man- 
dibles in the adult beetles of the family. 

Morphological modifications of the mandibles probably are chiefly, but 
not exclusively, bound to the feeding strategy, even if habitat pressures are 
also recognizable. In figure 25 different mandibles are arranged in a partial- 
ly linear, partially divergent pattern, starting from a non-specialized predator 
(Poecilus), towards: earthworm eating (Abax); collembolan eating 
(Notiophilus); snail eating or helicophagy (Cychrus, Licinus); and more or 
less pronounced plant eating or phytophagy (Harpalus, Pseudophonus, 
Carterus, Dichirotrichus). In this figure, a similarity is illustrated in the cren- 
ulate mandibular edge between Platynus and Dichirotrichus, which, though 
differing in food habits, share life in riparian habitats, where this type of 
mandible may be generally useful, regardless of food preference. 


MORPHOFUNCTIONAL LARVAL PATTERNS 


Some larval features are well known to be distinctly correlated with the 
main selective pressures of the habitat, and especially to soil type. In parti- 
cular we accept as general morphological rules: 

- sclerotized, dark, metallic integuments as adaptive to habitats exposed 
to large amount of solar radiation; 

- cylindrical body as adaptive for a digging life-style; 

- paratergal areas and conical protruding epipleurites as protection of the 
abdominal respiratory openings; 

- long, mobile and articulated urogomphi as indicators of a sensory func- 
tion and of a surface life-style (short and stout cerci are used in digging 
galleries); 

- anophthalmous larvae with thinly sclerotized cuticle are adapted for 
life in dark habitats; and 

- a physogastric body is characteristic of sedentary larvae, which are 
either parasitoid or else are cared for by the parent beetles. 

In addition to these general morphological rules, other morphological 
patterns may be outlined as strictly related to selective pressures. To delin- 
eate them, we first summarize the nine morphoecological (m.e.) types of 
Sharova (1960) (Tab.2). More recently (1981) the same author recognized 23 
types of carabid larvae, ranked in five classes, (zoophages, myxophytopha- 
ges, symphiles, mycetophages, ectoparasites) distinguished by structure of 
the mouth parts and body shape, three subclasses (hole-dwellers, diggers and 


Tab. 2 - Summary of characteristics of the morphoecological types of carabid larvae (Sharova, 1960). 
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Tab. 3 - Ecomorphological types of carabid larvae and associated behavioral characteristics and postulated selective pressures. 


Name and Morphofunctional features 


SOIL PORE EXPLORERS (type I of Sharova) 

small or medium size, mandibles mostly 
unspecialized, terga not sclerotized, stemmata 
often absent or reduced, cerci short and unar- 
ticulated, rigid, with 5-8 robust macrochetae 


SURFACE RUNNERS (type II of Sharova) 

small or medium size, thin long legs, stemmata 
always well developed, mandibles specialized 
and/or head often with neck constriction, tergi- 
tes darker or not, cerci at least twice longer than 
in the previous type, flexible, mostly articulated 
or whip-like, often pubescent (sensorial) 


Surrace walkers (type III of Sharova) 
medium or large size, tergites or the entire 
dorsal part well sclerified and metallic, eyes 
large, robust and flattened head, paratergal 
lobes present, mandibles with large retinacu- 
lum and tooth-comb-like denticles, cerci short 
and thorn-shaped, extremely sclerotized 


SAND DIGGERS (type IV of Sharova) 

medium or large in size, cylindrical, eyes nor- 
mal or flattened, (absent in Scarites s. str.), 
sclerites from pale or reddish to dark, protho- 
rax sometimes larger (Omophron), chaetotaxy 
improved, cerci short or very short, stout and 
robust, rounded at their apex and rich in setae 


Life in leaf litter or deeply in the soil, explo- 
ring the soil pores; larvae of larger size are 
forced to enlarge the pores. Prey specializa- 
tion is rare (Molops). The larval population 
often lives very deep in the soil (Laemostenus, 
other cave dwellers) and far from the adults 


Larvae hunting on the soil surface, rapidly run- 
ning and scanning for prey presence (Col- 
lembola, Lumbricidae, other small objects). 
Alternating left-right movements of the head 
often needed, as well as fast mandibular adduc- 
tion. In some genera the prey is consumed in 
short galleries dug out by the larva 


Larvae hunting on the soil surface or on trees, 
mostly at the expense of very large prey: 
earthworms, caterpillars, slugs and snails. The 
prey is consumed in shelters or in short galle- 
ries dug out using the legs, the head and cerci 
as support. The cerci are used also for defence 
or attack ("scorpion hit") 


Behaviour inadeguately known, the larvae are 
hunting by digging in loose sands, often at 
more than one meter depth in coastal sand 
dunes (Scarites). Omophron larvae show, on 
their whole, a Grylloptalpa “habitus”. 


Typical of soil habitats with good upright 
extension, deep leaf litter or anyway rich in 
pores and small cavities, far from the subsoil 
water level. Forest soils, mountain soils (also 
karstic lands), soils lithomorphic or clima-phy- 
tomorphic 


Soil with scarce upright extension, near to the 
subsoil water level, typically lowland and 
water meadow forests or bare, muddy. Many 
conditions resemble riverside habitats, but sun 
radiation is normally low (shaded habitats). 
The prey are mostly fast in movements or in 
avoiding predator attacks 


The original selective pressures were probably 
larger prey found on the soil surface or on the 
trees (Calosoma). The larger size attained by 
the larvae probably reinforced the digging 
behaviour in loose, humus rich soils, as escape 
against larger predators. Sun radiation selected 
sclerotized integuments. 


Selective pressure was that of sandy soils in 
habitats close to riverside or marine ones. 
These larvae maintained mostly the primitive 
pale integuments, because they inhabit coarse 
and fine sand banks along rivers and beaches. 
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Tab. 3 (cont.) 


SPERMOPHAGOUS (types V, VI and VII of Sharova) 

Head wider, mandibles with high b/a ratio, 
sometimes with additional teeth on the terebra 
or with bifid incisor tooth (Ophonus), eyes 
mostly well developed, sclerites from pale to 
reddish, strong fossorial legs, cerci short and 
knotty, similar to that of pore pushers, in some 
cases extremely short (Zabrus). 


Selection pressures started in humid open lands 
and riversides rich in herbaceous plants, e.g. in 
waterside clearings. The most specialized 
forms (Harpalus, Acinopus, Ophonus, etc.) are 
able to live in extremely dry (and hard) soils of 
steppes and of the Mediterranean Region. 
Many taxa were influenced by the adaptive 
radiation of Umbellifers (genera: Daucus, 
Foeniculum), but also by Cruciferae, Gramina- 
ceae, екс. 


The diet is mostly polyphagous, predatory and 
spermophagous at the same time (in some lar- 
vac plant seed specialization is observed 
(Bradycellus and neighbours, Ophonus and 
related genera). A trend to seed storage in ver- 
tical galleries is well proven by experiments 
(Pseudoophonus, Ophonus). Rarely also the 
feeding on green parts of plants is observed. 
Galleries are often buried in very compact 
soils. 


C-SHAPED HARPALINES (type VIII of Sharova) 
Body form scarabaeoid, physogastric, eyeless, 
mandibles particularly stout, transformed in 
true "millstones", tergites pale, body pube- 
scent and cerci fully rudimentary. Legs fosso- 
rial, rich in spines. So far, only three Harpa- 
line genera belong to this type: Carterus, 
Machozetus, Chilotomus. 


The behaviour is very close to that of scarab 
larvae: movements of the enlarged, spiny body 
allow the opening of short galleries in very 
compact, dry steppe soils. The function of 
cerci is reduced, because the digging perfor- 
mance is done mostly by mandibles and body 
bendings. Carterus larvae are reared in paedo- 
trophic nests on the seed storage accumulated 
by the mother. 


Selection pressures are clearly recognizable in 
soil aridity and climate: most Ditomines are 
found in the Mediterranean region. The food 
plants are mostly Umbellifers, belonging to the 
genera Daucus and Ferula. The subsocial 
behaviour of Carterus, the only so far known 
in Carabids, relates probably to the Neogene 
climate change in the Mediterranean area. 


PARASITOD AND PREDATORY SYMBIONTS 
(type IX of Sharova) 

First instar mobile, some triungulin-like, 
small and mostly with enlarged olfactory lobe 
on the III antennomere, cerci short or very 
short, but with strong chaetae. Dorsal part of 
the body a little sclerotized. Older instars (2-4) 
with shorter legs, more or less physogastric, 
simplified sensorial equipment. 


The first instar is searching for pupae of 
Coleoptera, insect eggs clutches or ant and 
termite (?) nests. The older instars live at the 
expense of the so found prey and pupate in the 
chamber of the host or in the soil around the 
ant nests. 


Selection pressures are found in the high den- 
sity of parasitoidized prey in certain habitats 
or in the highly concentrated biomass offered 
by subsocial aggregations and eusocial insect 
nests. (Brachinus: Dineutes pupae, Pherop- 
sophus: mole cricket eggs, Lebia:Galerucella 
and other Chrysomelids, Eurycoleus:Amphix 
pupae (Coleoptera Endomychidae) - Graphi- 
pterus, Pseudomorpha, Eripus (?): more spe- 
cies of ants or their brood, Arsinoe: tenebri- 
onid larvae. 
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Tab. 3 (cont.) 


Name and Morphofunctional features Selection pressures 


BURROW TRAPPERS 

Body deeply modified, forebody (head and part of 
the thorax) well sclerotized or metallic, pronotum 
enlarged, ventral side of the head more or less 
swollen and convex, abdomen with fully reduced 
urogomphi and with some hooklets on tergum 5 or 
also 6-7 (Sphallomorpha) 


TRICHOME DISK SYMPHILES / PREDATORS 

First instar similar to the older ones, larvae with 
more or Jess physogastric body, bearing modi- 
fied cerci and pygidium to a sort of "anal 
plate" rich in trichomes and various kinds of 
sensilla, The legs are short, in Paussini the 
number of articles is reduced by fusion of tar- 
sus, tibia and femur. Mandibles sometimes with 
additional tooth and well developed molar area, 
stemmata absent from more evolved forms. 


This type is adapted to a more sedentary life 
in vertical burrows, where the larva stays in a 
characteristic waiting posture and extrudes its 
more sclerified forebody only when prey is 
walking in the neighbour of the opening. 


The larvae are mostly myrmecophilous, some 
termitophilous, are often living in ant nests and 
exhibit symphile behaviour, by turning the 
abdominal end dorsally and frontwards if con- 
tacted by the ants. Paussinae larvae secrete an 
ant- appeasing substance through their pygidial 
disk trichomes. The behavior of some less 
modified genera living outside ant nests, such 
as Metrius or Pachyteles, seems to be predatory, 
the terminal disk being used as adhesive trap. 


Selection pressures are probably given by 
loose sand or mud soils exposed to sun radi- 
ation 


Selection pressures should be sought in the 
eusocial insect nest environment and are well 
known for many coleopteran families other 
than Carabidae. 
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burrowers) distinguished by structure of the urogomphi, legs and also body 
shape and further subdivided in series and groups, based on specialization to 
the different layers of the habitat. 

Our data about mandibles and urogomphal structure do not support such 
a variety of larval types, because no more than eight or nine different man- 
dibular models and about six basic urogomphal forms may be distinguished. 
Therefore, we reconsidered Sharova's original ideas in the light of the new 
data about morphological features and behavioural aspects (Tab. 3), to outli- 
ne a unique, comprehensive picture, founded both on morphofunctional and 
evolutionary aspects, in which a possible scheme of adaptive radiation of 
carabid larvae is proposed. 

If we assume, according to Ghiliarov (1949), the soil as the original 
microhabitat of the terrestrial arthropods fauna, the most primitive larva is 
like Sharova's first morphoecological type ("soil pore explorers" in our new 
version), represented by small predators living in the soil or in the leaf litter. 
They are so far known as non-specialized predators and search for prey by 
exploring the natural soil pores and interstices. This group includes genera 
such as Calathus, Laemostenus, Poecilus, Bembidion, Pogonus, Trechus and 
many others, in fact probably the largest number of the so called "higher 
Carabidae", (subfamily Harpalinae of older authors). The urogomphi of this 
type are fused with the ninth tergite, slightly sclerotized, moderately long or 
short and with macrochaetae of fixed number (5-9). They are used as a sort 
of soft back-prop during the pore exploring activity, but their function is also 
sensory. In the following text we will refer to this form as "pusher" type. 

From the first morphoecological type the second ("surface runners") 
derives, which hunt mostly on the soil surface and some also dig galleries 
(Pterostichus metallicus) where the prey is consumed. These larvae have 
long urogomphi, articulated or not, mostly connected to ninth tergite by a 
membranous ring, in extreme cases pluriarticulated (Chlaenius partim, 
Enceladus), and the prey may be non-specific (for genera such as Nebria, 
Chlaenius, Metabletus) or specific (for genera such as Notiophilus, Leistus, 
Loricera, Abax). 

If we accept the hypothesis of an origin of the terrestrial adephagans 
from the riverside habitats, (Erwin, 1979) this pattern must be turned over, 
because the articulated cerci should be the plesiomorphic state of the cha- 
racter, and the fixed ones the apomorphic, a fact that better accounts for the 
urogomphal morphology in lower insect orders and in Hydradephaga. 

From the M.E. Type II probably also a specialized group of larvae origi- 
nated, the "sand diggers", marked by a cylindrical body form and fossorial 
legs, able to dig out gallery systems through loose sand soils (genera such as 
Omophron, Scarites partim, Elaphrus, Blethisa). The cerci of this group are 
mostly densely setiferous and nodose, in some taxa minutely pubescent, 
short and spindle shaped (Anthia, Helluomorphoides, Bousquet,1987) or ela- 
vate (Promecognathus, Bousquet and Smetana, 1986), and almost always 
fixed to the ninth tergite. 
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From the M.E. Type II, M.E. Type III (surface walkers) probably evol- 
ved, involving large body size and with a resulting requirement of increased 
space for activity. Such larvae hunt large items of prey on the soil surface; 
they dig galleries easily in the soft, humus-rich soil, or climb on vegetation. 
The body integument is distinctly sclerotized, dark, metallic or not, a protec- 
tion against solar radiation. The species of this group which are soil-bound 
have thick, short, acuminate cerci. The larvae of Calosoma may be an inter- 
mediate link given by tree climbers. The transition from cerci of Type II to 
Type III is very well documented in the tribe Carabini (Fig. 26). In the prim- 
itive Neotropical Ceroglossus, larvae of Type II have been described, with 
thin, long, articulated cerci and noticeable, partial neck restriction (Priiser 
and Arndt, 1995). In newly hatched Calosoma and in some "carabi brevi- 
mandibulares" the cerci are still ringed by white membranous areas, which 
disappear in older instars. In these forms the cerci are no longer strictly sen- 
sory, but they are used as strong support for digging and walking in galleries 
excavated in soft soils. The more evolved form in carabine urogomphi is 
found in the well known "carabi longimandibulares", most of which are snail 
predators with distinct paratergal plates. Here, the urogomphi are trans- 
formed into thickly sclerotized structures used against predators as stabbing 
organs or during the first predation phase, to force snails to withdraw the 
body into the shell. 

From the M.E. Type I, two other groups originated: one colonized 
caverns and subterranean habitats (Trechini, Sphodrini, Pterostichini par- 
tim); the other developed shortened mandibles, and either remained as gene- 
ralized predators or became partially phytophagous (small Harpalini, such as 
Acupalpus, and Amara). This latter pattern is probably the starting point for 
the true spermophagous carabid beetles as Ophonus, whose larvae collect 
seeds on the soil surface, and store them inside burrows or hollows 
(Brandmayr Zetto and Brandmayr, 1975; Zetto Brandmayr, 1978). This 
behaviour and the possibility of preserving food, in association with the 
increase and spread of habitats characterized by arid climate, led to the ori- 
gin of presocial adults which build, dig and furnish nests with food, and 
exibit parental care of physogastric, helpless larvae (C-shaped Ditomini, 
М.Е. Type VIII). 

Probably under the pressure of particularly extreme climatic conditions, 
carabid larvae of the M.E. Type II evolved towards parasitoidism, but, gene- 
rally speaking, parasitoidism seems to have evolved if large amounts of 
social or subsocial prey aggregation could be exploited. Type IX of Sharova 
in our opinion should be subdivided in two different types, because the most 
common parasitoid found among carabids is marked by hypermetamorph- 
osis with a triunguliniform first stage and physogastric later instars, many 
with rudimentary legs (Pheropsophus). In this type, the parasitoid and pre- 
datory symbionts, the cerci are rudimentary. On the other hand, shape and 
behaviour of Paussini and Ozaenini, ("trichome disk symphiles or preda- 
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Fig. 27 - Evolutionary trend in cercal morphology. Surface walkers: a, Carabus violaceus Linnè 
(Hurka, 1971); b, Calosoma inquisitor (Linné) 1 and Н instar (Luff, 1969). Surface runners: c, 
Chlaenius costiger Chaudoir; d, Drypta japonica Bates (Habu and Sadanaga, 1961); e, Nebria lacu- 
stris Casey (Spence, Bell and Bell, 1976); f, Abax parallelus (Duftschmid)(Arndt, 1989). Pore 
explorers: g, Pterostichus diligendus Chaudoir (Bousquet, 1985). Trichome disk symphiles: h, 
Metrius contractus Eschscholtz; i, Paussus kannegieteri Nasm. (Bousquet, 1986). Sand diggers: 1, 
Clivina fossor (Linné) (van Emden, 1941). Spermophagous: m, Ophonus obscurus (Fabricius) 
(Brandmayr and Zetto Brandmayr, 1982); n, Zabrus orsinii Dejean (Vomero, 1969). C-shaped: o, 
Carterus calydonius (Rossi) (Brandmayr, 1975). 
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tors") is more consistent with a symphile "way of life", because these larvae 
are distinguished by the trichome-rich terminal disk (Van Emden, 1942) that 
is probably used to manage encounters with ants. 

In more recent papers (Costa et al., 1988; Luna de Carvalho,1991) the 
behaviour of a less specialized genus as Pachyteles sp. is described. The lar- 
vae live at the entrances of burrows and use the adhesive terminal disk to 
capture small prey. 

No difference is known between the first instars and the older ones, 
because also the adults generally live in eusocial insect nests. The symphile 
type is marked by convergent way of life of the adult and pre-imaginal 
semaphoront, As in C-shaped harpalines, which are found only in the medi- 
terranean Ditomina (and perhaps in the Neotropical Cnemalobus) also the 
symphile larval type is found only in the subfamily Paussinae in the tribes 
Paussini, Ozaenini and Metriini, a group of closely related taxa (Bousquet, 
1986; Arndt, 1993; Arndt and Beutel, 1994), believed by some (Erwin, 1991) 
to be related to the Brachinini. 


POSTULATED EVOLUTIONARY PATTERNS IN UROGOMPHAL MORPHOLOGY 


The structure of the urogomphi is perhaps the most important body fea- 
ture related to selection pressures operating in the soil and this fact was con- 
vincingly demonstrated by Sharova (1960). In our opinion the urogomphi 
articulated at the base, mostly found in larvae living on the surface of hydro- 
morphic soils, could be regarded as the most primitive type (Fig. 27). Basally 
articulated urogomphi are characteristic of many primitive caraboid lineages 
(Tab. 4), but there is some contradiction if we look at the ontogenetic sequen- 
ces given by the three larval instars. In Nebriini, for instance, Nebria and 
Leistus show long, mobile cerci, but in Pelophila the first stage shows uro- 
gomphi fused with the ninth tergite. Moreover, many "riverside" taxa, as 
Bembidion and Tachys, bear non-articulated cerci, distinctly longer than those 
of true terrestrial forms. Shifting from hydromorphic soils to forest soils, 
rich in leaf litter and humus, the urogomphi become shorter, non-articulated, 
and fused with the ninth tergite. A transition from long urogomphi to short, 
"pterostichoid" ones can be followed in many taxa: Abax, where the shorte- 
st cerci are found in the alpine Prerostichoabax species (beckenhaupti spe- 
cies group); Stomis, where the mountain species rostratus shows much shor- 
ter cerci than the lowland species pumicatus (Zetto Brandmayr and Marano, 
1993) and so on. In the mountain environments and especially in caves the 
pore explorer type is the most common. The fused urogomphi become parti- 
cularly short in the spermophagous M.E. Type, especially in larvae digging 
in summer-arid soils. 
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#4) cerci articutated on their basis with segment 9 


(im the higher Carabidac only seatiered records of basal articulation are known; further roscarch is needed) 


Tab. 4 - Urogomphal morphology (morphofunctionally interpreted) in the phyletic, tree of 
Caraboidea. Taxa sequence as in Bils (1976), modified for taxa not investigated by this author. Note 


fies the Paussini + 


the very homogeneous distribution of the trichome terminal disk, that identi 


Ozaenini + Metriini complex 
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Probably selective pressures acting on each semaphoront (larval stage) 
are different from stage to stage, and the fused appendages of the first stage 
of Pelophila reflect only the greater ability of smaller larvae to live as pore 
explorers. Similar patterns are found in many pterostichines, where we often 
observe a secondary articulation derived from the cerci of the primitive pore 
explorers. Thus, the surface runner M.E. Type represents a result of evolu- 
tionary convergence at lower and higer level in the caraboid cladogram. The 
primitive (plesiomorphic) surface runners should be all marked by the basal- 
ly articulated urogomphi, that have been lost in "higher" surface runners. 
This detail has not been reported in table 4, because it is not indicated clearly 
in many descriptions or drawings. 

The urogomphi practically disappear in the melolonthoid C-shaped lar- 
vae, living mostly in pre-desertic or mediterranean soils. If the larvae beco- 
me larger as in Carabini, they need to dig shelters in soft humic soils. The 
urogomphi become robust props or spines. Curiously, the urogomphi of lar- 
vae digging in sand show a different shape from those living in other kinds 
of soils, probably because the loose sand grains can be removed by less 
sclerotized structures. 

The correlation between form of urogomphi and morphoecological type 
is pronounced; consequently, we can speak of urogomphi of the "runner" 
type, "walker", "pusher" and so on. Only the rudimentary types give rise to 
some overlap, so the "burrow trappers" and the parasitoids share more or less 
reduced appendages, at least in the older instars, and the same reduction is 
observed in the C-shaped harpalines. 

It seems to be important, in outlining a postulated evolutionary history 
of the morphoecological types, to follow the distribution of the urogomphal 
features in a cladogram of the Caraboidea. This analysis was attempted by 
re-examining the cluster proposed by Bils (1976), which was based on the 
structure of the female terminalia (Tab. 4). In this table the sequence of the 
subfamilies and tribes proposed is fundamentally the same, but we added 
some taxa, well known for larval morphology, not considered by the German 
author, in the position prevailingly accepted by modern studies on larval phy- 
logeny (Ball, 1979; Bousquet, 1986; Arndt, 1993). In this table a remarkable 
fact is shown: cerci of the runner type are found more or less at all levels of 
carabid evolution, both in primitive and in more derived tribes, and the same 
holds more or less true for sand diggers. The walker type appears in Scaritini, 
Trachypachini, Gehringiini, Carabini and related supertaxa, but also in 
Chlaeniini. The pusher type, considered by Sharova as the most primitive, is 
found only in a restricted sector of the table and covers a great part of the 
Limbata of Jeannel and some groups found at an intermediate level in the 
tree: Broscini, Psydrini, Patrobini, and in some Scaritini. This pattern is very 
far from the idea of a primitive type, and this analysis corroborates the opi- 
nion that cerci articulated at the base are the more primitive ones, a feature 
shared with many hydradephagan stocks. 
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CONCLUDING STATEMENT 


In this work a new pattern about morphofunctional evolution of carabid 
larvae is presented. The attempt has been made, to distinguish between bio- 
tic (food, prey) and abiotic factors (soil, habitat), The major task the authors 
have attempted is to elucidate the evolutionary pathways of adaptation of 
carabid larvae, but this item should be preliminarily discussed as a general 
methodic point of view, regarding the rationale behind morphofunctional 
adaptation processes. A synopsis of the most important morphofunctional 
characters found in carabid larvae is given in table 5. 


abiotic biotic 
habitat and soil 
selection pressures 


prey and prey taxon, 
mobility and features 


behaviour of 
Carabid larvae 


functional morphology and 
traditional eidonomy in 
Carabid larvae 


Fig. 28 - Relationships between abiotic and biotic selection pressures and behaviour. Traditional 
research on carabid larvae neglects the behaviour, therefore knowledge of functional morphology is 
markedly restricted. This fact has repercussions on the slowness in proceeding of studies on phylo- 
geny and evolution. 
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(Character (modified status) ‘Taxon (typical) 
Head 


large and flat, often dorsally concave Carahus, others. digging i i 
TII 

Cicindelinae i pe sand/clay bare surfaces 

Nebria, others | ag 

Leistus, others 


алу genera & tribes 
Carterus 


aaa ae — 
[short retinaculum, b/a around 0.25 


lender, curved, b/a below 0.20 Notiophilus, others 


arcuate, retinaculum long, orthogonal Molopina 
Моѓорта 


Реа mout Ба a above 03 
pran 


Ditomini, Lebia, etc. 
Clivina, Helluomorphoides, etc. igging in sand soils 

Abax, Nebria, Cymindis, etc. fast hunting on soil surface 
Chlaenius, Zargus, Enceladus, etc. fn against predators 


symphilic life in ant or termite nests 


Tab. 5 - Morphofunctional characters exibited by carabid larvae. 


Tab.6 - Prey selection in carabid beetle larvae and related adephagan taxa. Only larval stages 
involved. uns., unspecialized; coll., collembolans; lum., lumbricids; hel., helicophagy; ant., ants; 
ter., termites; an.-p., ant- parasites; p.o.t., parasites on other taxa; fun., fungivorous; omn., omni- 
vorous; see., seeds; oc.r., occipital restriction. 
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We started from the assumption, well known to zoologists (Mayr, 1970; 
Thiele, 1971), about the evolution of morphological characters in animals, 
that variation in external body morphology is mostly preceded by modifica- 
tions in behaviour. Only later the new acquired behaviours become consoli- 
dated in new structures which facilitate the behaviour itself and make it more 
efficient. Morphofunctionally consolidated behaviours are normally better 
adapted life-strategies which allow further adaptive radiation and give rise to 
new character states which mark entire tribes or subfamilies. 

The greatest problem in our research is represented by the scarce know- 
ledge about larval behavioural patterns and this causes the "low-pressure 
problems" in using morphofunctional data to construct phylogenesis and 
evolutionary pathways, (Fig. 28). 

Moreover, the pattern of morphofunctional evolution we presented here 
is certainly not exhaustive of the enormous variation found in this beetle 
family; also some arboricolous larvae of the temperate zones should be bet- 
ter investigated (Dromius), because they evolved towards a still overlooked 
"Raphidia-model" of underbark predator. 

Anyway, some fundamentals of the carabid larvae anagenesis seem now 
clear, and another very important point has been elucidated, that practically 
any taxon shows a combination of characters which are morphofunctional 
responses to two different selection pressures: biotic (prey) and abiotic (soil 
and habitat structure). 

Further research should now test this radiation pattern on the various 
phylogenetic hypotheses hitherto proposed by the authors. The greater obs- 
tacle will be here the uncertainties regarding prey choice and behaviour, data 
which cannot be inferred by examination of preserved specimens! To give an 
idea of the potential value of such kind of analysis, we reexamined anew the 
cladogram proposed in table 4. 

In table 6 we ordinated only the prey choice versus an outstanding cha- 
racter, the occipital restriction, which allows the turning of the head left and 
right to facilitate the capture of small prey such as collembolans. In fact, the 
occipital restriction is found in some "primitive" collembolan hunters: 
Notiophilini, Loricerini, Leistus and so on, but also in some "more recent" 
taxa with unknown prey: Zuphiini, Dryptini, Galeritini, etc. Could this be an 
indication of a life as "small-mobile-prey raptors"? 

Anyway, the distribution of the prey preferences is per se highly inter- 
esting and gives the idea of a pattern very coherent with what we know today 
about the time of appearance of the higher taxa involved: collembolans very 
early in the Devonian, terrestrial gastropods later, Graminaceae and 
Umbelliferae still later. 

The authors are convinced that further studies in carabid bionomy and 
behaviour will give more insight also on arthropod coevolution history, and 
Geoadephagan stocks represent a beautiful test stand for testing common 
theories on time of evolution of taxa like ants, seed-plants, earthworms, ter- 
restrial gastropods and so on. 
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RIASSUNTO 


E’ stato condotto uno studio morfofunzionale sulle larve dei Carabidi, per migliorare la cono- 
scenza dei modelli adattativi in questo gruppo di Coleotteri, ricostruendo ove possibile i percorsi 
evolutivi. 

Il capo, gli apodemi cefalici e i muscoli mandibolari di 12 generi con evidenti specializzazio- 
ni alimentari sono stati descritti, mentre è stata analizzata la biometria funzionale delle mandibole 
per 42 taxa. I fattori biotici sembrano avere molta importanza nell’evoluzione delle mandibole: nelle 
forme carnivore, esse sono correlate alla spesso notevole velocità di fuga della preda, mentre nelle 
forme fitofaghe la forma e la durezza del cibo si riflettono su una più lenta, ma più potente chiusu- 
ra delle stesse. 

Le altre caratteristiche morfologiche sono fortemente influenzate soprattutto da pressioni abio- 
tiche, quali il tipo di suolo e la quantità di radiazione solare, ma significative eccezioni si riscontra- 
no nelle linee parassitoidi e sinfile, dove la forma globale del corpo è fortemente correlata a pres- 
sioni selettive biotiche. 

AI fine di fornire una visione unitaria delle convergenze adattative riscontrabili nelle larve di 
carabidi, sono stati riesaminati i tipi morfoecologici della Sharova (1960). I nove tipi dell'autrice 
russa sono stati riorganizzati nei seguenti, che considerano шие le tribù note allo stadio larvale, fun- 
givori esclusi: Esploratori di porosità, Corridori di superficie, Esploratori di superficie, Psammofili 
fossorii, Spermofagi, Cirtosomatici, Parassitoidi e predatori simbionti, Cacciatori all'agguato, 
Predatori con disco caudale. 

Gli urogonfi in questi tipi morfoecologici appartengono a sei tipologie principali; le prime quat- 


Mou 


tro corrispondono a ciascuna delle prime quattro categorie e sono state denominate: “pusher”, "run- 
ner", “walker” e “sand digger”; a queste si aggiungono la tipologia “disco anale" e “urogonfi ridot- 
ti". La distribuzione di queste tipologie nell'albero filetico dei Coleotteri Adefagi suggerisce che i 
carabidi primitivi fossero “corridori di superficie" e non “esploratori di porosità” con urogonfi a 
puntello di tipo “pusher”, i quali sarebbero stati acquisiti solo secondariamente, essendo presenti in 
larve che più o meno coincidono ai “Limbata” di Jeannel. 

Infine è stato fatto un tentativo di ordinare i dati relativi alle prede in un cladogramma già 
costruito per altri caratteri. La specializzazione verso un determinato tipo di preda sembra altamen- 
te correlato con l'età del taxon: i più antichi verso i Collemboli, successivamente verso gasteropodi 
terrestri е lombrichi, i più recenti verso semi di piante. Si sottolinea inoltre come, per una corretta 
comprensione della morfologia funzionale, siano indispensabili ulteriori dati sul comportamento lar 
vale. 
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